Urinary bisphenol A (BPA), a widely-used biomarker of exposure to BPA, has been associated with cardiometabolic derangements in laboratory studies and with low-grade albuminuria in Chinese adults. Despite the known unique vulnerability of children to environmental chemicals, no studies have examined associations of urinary BPA with albuminuria in children. Since exposure to BPA is widespread in the United States population, we examined data from 710 children in the 2009-10 National Health and Nutrition Examination Survey with urinary BPA measurements and first morning urine samples with creatinine values. Controlled for a broad array of sociodemographic and environmental risk factors as well as insulin resistance and elevated cholesterol, children with the highest compared to the lowest quartile of urinary BPA had a significant 0.91 mg/g higher albumin-to-creatinine ratio, adjusted for the urinary BPA concentration. When the multivariable model was reprised substituting continuous measures of BPA, a significant 0.28 mg/g albumin-to-creatinine ratio increase was identified for each log unit increase in urinary BPA. Thus, an association of BPA exposure with low-grade albuminuria is consistent with previous results found in Chinese adults and documents this in children in the United States. Our findings broaden the array of adverse effects of BPA to include endothelial dysfunction as evidenced by the low-grade albuminuria and support proactive efforts to prevent harmful exposures.
INTRODUCTION
Bisphenol A (BPA) is used to manufacture polycarbonate resin, and is a breakdown product of coatings intended to prevent metal corrosion in food and beverage containers. [1] [2] [3] In the US population, exposure is nearly ubiquitous and begins early in life. 92.6% of ≥6 year olds had detectable BPA in their urine in the 2003-4 National Health and Nutrition Examination Survey (NHANES). 4 While food is a major source of exposure to BPA, 5 dental sealants, 6 and thermal copy paper 7 are also sources.
Laboratory studies suggest that multiple metabolic mechanisms are perturbed by BPA. BPA induces fibroblast differentiation into adipocytes, 8 affects glucose transport, 9 and inhibits adiponectin release from human adipose tissue. 10 Low-level BPA can also stimulate release of inflammatory cytokines that stimulate lipolysis. 11 Estrogenic effects, 12, 13 thyroid hormone antagonism, 14 and disruption of glucagon secretion 15 have been documented. Cross-sectional studies have associated urinary BPA (uBPA) with adult diabetes, cardiovascular diagnoses and abnormalities in liver function. 16, 17 High levels of uBPA have been associated with incident coronary artery disease in apparently healthy European adults. 18 Recent reports have identified associations of elevated uBPA with increased risk of obesity in the US population, both in adults 19, 20 and in children. 21 Animal studies indicate that BPA induces oxidant stress 22, 23 within the renal parenchyma, and that this damage is further exacerbated by vitamin C or nutritional iron deficiency. 24, 25 Given that BPA is a potential contributor to physiologic processes that increase cardiometabolic risk, and since individuals with increased cardiovascular risk have increased albuminuria, 26, 27 BPA exposure may be associated with low-grade albuminuria. The only study which has evaluated this possibility examined 3,055 Chinese adults living in the Shanghai region, and identified uBPA as an independent determinant of the extent of low grade albuminuria (albumin:creatinine ratio <30 mg/g), with 23% increased odds for the highest quartile of albuminuria in the highest urinary concentration BPA quartile compared to the lowest quartile. This association was not modified by other risk factors such as age, gender, smoking, alcohol consumption, BMI, hypertension, diabetes, and the estimated glomerular filtration rate. 28 Despite their unique, physiologically-and biologically-based vulnerabilities to environmental toxins, 29 the impact of BPA exposure on albuminuria has not been evaluated in children. In view of the potential adverse consequences of early-life cardiometabolic risk, we examined associations of uBPA with low grade albuminuria among US children age 6-19 years of age.
RESULTS
Descriptive analyses of the NHANES 2009-10 subsample we analyzed are presented in Table 1 . Older and higher socioeconomic status children had lower urinary BPA. We did not find differences in dilution-adjusted BPA among children with confounding medical conditions, such as overweight, insulin resistance and prehypertension. ACR in the first morning urine sample was higher among females and younger children, while overweight children had significantly lower ACR.
Association of uBPA and ACR, adjusting for urinary dilution
Initial regression analysis, adjusting only for urinary dilution in the BPA sample, identified children with the highest quartile of uBPA with 1.77 mg/g higher ACR compared to the lowest quartile of uBPA (p=0.006). When ACR was modeled as a continuous variable, regression analysis adjusting only for urinary dilution identified a 0.50 mg/g increase in ACR for each log unit increase in uBPA(p=0.045). Increases in micro/macroalbuminuria were not significantly associated with log-transformed uBPA (OR 1.06, p=0.765) or quartiled uBPA (ORs for 2 nd , 3 rd and 4 th quartiles above lowest 0.85, 1.32, 1.10 respectively, all p>0.2) in regression models adjusted only for urinary dilution in the BPA sample.
Association between uBPA and ACR, adjusting for urinary dilution and potential confounders
Addition of sociodemographic characteristics, other environmental exposures and potentially confounding medical conditions to the regression modeling failed to diminish the association of uBPA with low-grade albuminuria further (Table 2 ). In the final multivariable model examining quartiled uBPA, a 0.91 mg/g increase in ACR in the fourth quartile of uBPA is identified compared with the lowest (p=0.007). In the final multivariable regression model examining continuous measures of uBPA, for each log unit increase in urinary BPA, a 0.28 mg/g ACR increase was identified (p=0.030). No significant relationship was identified for micro/macroalbuminuria, either with log-transformed or quartiled uBPA.
Association of other environmental phenols with BPA and ACR
Increasing urinary triclosan was significantly associated with uBPA, but not ACR, adjusted for creatinine in the BPA sample. The highest quartile of benzophenone-3 was associated both with increased uBPA (p=0.066) and ACR (p=0.002) after adjusting for dilution of the BPA sample. Table 3 confirms the absence of association of two other environmental phenols (triclosan and benzophenone-3) with ACR, whether examined as quartiled or log-transformed, and whether substituted for or added to log-transformed or quartiled uBPA in the final multivariable model. When urinary concentrations of the other environmental phenols were added to final multivariable models controlling for creatinine, sociodemographic characteristics, other environmental exposures and potentially confounding medical conditions, associations of quartiled and log-transformed uBPA with ACR remained nearly identical (changed by <10%). Neither quartiled triclosan nor benzophenone-3 were associated with ACR (p>0.267 throughout). The final results were robust both to alternate weighting and imputation of HOMA-IR (see Appendix Tables 1 and 2 ). In fact, on unweighted modeling, the dose-response relationship is strengthened, as the third quartile of uBPA is also associated with increases in ACR (0.79 mg/g increment, p=0.036) compared with the lowest, while association of the fourth quartile of uBPA with increased ACR remains essentially unchanged (0.94 mg/g increment, p=0.019).
DISCUSSION
We confirm and extend previous associations of uBPA with low-grade albuminuria in adults, and document these associations in a population of US children. These findings broaden the array of adverse effects associated with uBPA, for which the evidence is strongest for decrements in neurodevelopmental 30, 31 and fertility outcomes, 32 and increases in obesity 19, 33 and cardiovascular disease. 17, 18 The consistent observation that higher levels of BPA excretion are associated with a higher risk of low grade albuminuria in children and adults implies that the mechanism of action is similar in both age groups. There was no association between uBPA and micro/ macroalbuminuria in either children or adults. In view of the potential action of BPA to promote systemic complications such obesity and the metabolic syndrome, 17, 18, 34 which are associated with oxidant stress, 35 we suggest that the low grade albuminuria associated with higher levels of uBPA reflect oxidant stress and generalized endothelial dysfunction.
The finding that ACR was lower in the overweight children is consistent with other studies, 36 but merits further discussion given that BPA is also associated with obesity. 19, 33 This presents an interesting conundrum, in that controlling for obesity should result in underestimation of associations of BPA with ACR. Given the relatively modest sample size, we did not have the capacity to examine effect stratification by BMI or interaction with overweight or obese status to interrogate this notion further. Ideally, such examination would be performed as part of longitudinal study examining the development of albuminuria in children and adolescents in association with antecedent BPA exposure. Given that endothelial dysfunction manifests as low-grade albuminuria, our study raises the concern that BPA exposure during childhood may contribute to early atherosclerotic changes in children and adolescents, similar to the development of angiographically confirmed coronary artery atherosclerosis associated with BPA exposure in adults. 37 The small change in albumin excretion below the micro/macroalbuminuria threshold would not be consistent with intrinsic kidney disease or substantial alteration in glomerular barrier function. However, there is emerging evidence that microalbuminuria is an early and sensitive marker of future cardiovascular diseases including CKD even in healthy subjects. 38 Moreover, in a group of healthy overweight/obese adults, levels of albumin excretion (10-29 mg/day) below the limit that is conventionally used to define microalbuminuria was associated with an adverse cardiovascular risk profile. 39 Finally, long-term follow up of 1208 patients with type 2 diabetes mellitus in the BENEDICT trial indicates that albuminuria independently predicts cardiovascular events as a continuous variable without any threshold effect; albuminuria at 1-2 μg/min was associated with a higher risk than values <1. 40 The pediatric patients in our study had no demonstrable evidence of CKD; however, the low grade albuminuria associated with higher levels of BPA exposure may place them at increased lifetime risk of CKD as a manifestation of overall cardiovascular risk. The combined effect of BPA on obesity and endothelial dysfunction make it a potentially important factor that is amenable to modification in an effort to improve long term cardiovascular outcomes in the population.
Long-term observational studies will be needed to ascertain whether uBPA-associated changes in low grade albuminuria potentiate the features of the metabolic syndrome --hypertension, hyperlipidemia, or insulin resistance --and augment the risk of developing glomerular disease. Future studies of the relationship between uBPA and markers of vascular function such as pulse wave velocity 41 and carotid intima media thickness in children 42, 43 would lend support to our suggestion that BPA promotes generalized endothelial dysfunction.
In a cross-sectional study, an obvious alternative is that children with low-grade albuminuria have unhealthy behaviors that otherwise lead to increases in urinary BPA. As with the previous Chinese, adult study, 28 we included a relatively rich set of information about demographics, and exposure, variables, thus providing more convincing evidence that the association is not spurious. Data for diet and physical activity were not available for the present analysis, and these could be potential confounders insofar as they are related both to uBPA and ACR. While we were limited in our capacity to control for diabetes in this population due to relatively infrequent fasting insulin and glucose data, diabetes is relatively low in prevalence in children compared with adults, 44, 45 and multiple imputation did not significantly affect the association of uBPA with ACR. Finally, the absence of association between low-grade albuminuria and other environmental phenols argues for a specificity of the link to BPA.
The extent to which uBPA reflects current versus chronic exposure is uncertain. 46, 47 Microvascular processes such as those which have been identified in laboratory studies of BPA 48 that lead to low-grade albuminuria may develop over time, and so the cross-sectional association of urinary BPA with increased low-grade albuminuria does not necessarily support causation, even when consistent with growing laboratory evidence. 24, 25 Even if earlier life exposures are biologically more plausible, recent evidence suggests that BPA may be stored in fat, [49] [50] [51] increasing plausibility that current urinary BPA represents earlier, or more chronic, exposures. If current uBPA is a "noisy" index of early exposure, our estimates of association should be biased towards the null. [52] [53] [54] While definitive causal evidence is likely to prove elusive, the evidence presented here suggests the need for heightened and broader urgency for efforts to limit exposure to this environmental chemical beginning in childhood. Alternatives to BPA include polyester coatings and oleoresin linings in cans as well as polyethylene plastic, glass and aluminum containers. 55 FDA has recently declined to ban BPA, 56 though it will continue to consider evidence on the safety of the chemical. Several US states have banned use of BPA in infant products. 57 Globally, regulatory policies regarding environmental hazards vary; thus, while Canada classifies BPA as a toxic substance, the European Food Safety authority has not yet acted to ban BPA in baby bottles. 58 Most recently, China outlawed BPA-containing baby bottles. 59 Our findings argue in favor of more stringent standards for allowable exposure to BPA because the adverse effects we observed in pediatric patients would be leveraged over a lifetime and lead to prolonged cumulative target organ toxicity.
While there are US and international policy gaps in need of being addressed, there are also individual behaviors that can limit exposure to BPA. Daily consumption of canned soup produced 100-fold increases in urinary BPA in a small crossover trial, 5 and in the absence of definitive evidence to confirm hazards of BPA, proactive and precautionary advice to limit exposure may be of benefit. Studies such as ours also highlight a possible opportunity for further research that may well transform our pathophysiological understanding of low-grade albuminuria from one that focuses on dietary risks to an approach that recognizes the role of environmental chemical factors that may independently impart risk of endothelial dysfunction and future cardiovascular disease.
METHODS

Data source and sample
NHANES is a continuous, multicomponent, nationally representative survey of the noninstitutionalized US population administered by the National Centers for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC). Data from the 2009-10 questionnaire, laboratory, and physical examination components were used in the present analysis. Of the 2,596 children ages 6-19 years who participated (Figure 1 ), our analytic sample comprised 710 nonpregnant participants with urinary BPA measurements and first morning urine samples with creatinine measurements. The New York University School of Medicine Institutional Review Board exempted this project from review on the basis of its analysis of an already collected and deidentified dataset.
Measurement of Albumin-to-Creatinine Ratio (ACR)
Beginning in 2009-10, NHANES collected a first morning urine sample in a subsample of participants which enabled a standardized assessment of albuminuria without the confounding effect of orthostatic proteinuria. Urine specimens were then processed, stored and shipped to University of Minnesota, Minneapolis, MN for analysis of urinary albumin using a solid-phase fluorescent immunoassay described by Chavers et al. 60 Measurement of urinary creatinine was performed on a Roche/Hitachi Modular P Chemistry Analyzer using an enzymatic method.
We calculated the albumin:creatinine ratio (ACR), and log-transformed ACR, because it had a skewed distribution. In analyses of ACR as a continuous variable, we excluded subjects with macroalbuminuria (≥300 mg/g, n=5) or microalbuminuria (30- 300mg/g, n=38) . In separate analyses, we modeled the probability of having either macroalbuminuria or microalbuminuria as categorical dependent variable.
Measurement of Urinary BPA
BPA was measured in one spot urine sample from each participant, and analyzed using highperformance liquid chromatography and tandem mass spectroscopy. This testing was done on a different urine sample than the first morning specimen used for determination of ACR. More extensive methodological description is provided elsewhere. 61 For BPA concentrations below the level of detection (50, or 7.1%), we substituted the value of 0.3 ng/mL which is routinely assigned by NHANES. We log-transformed urinary BPA to account for skewed distribution, and also created unweighted sample quartiles for urinary BPA to allow for non-linearity in all of our tests of association, building on prior work in children and adults which has shown a non-linear relationship between urinary BPA and obesity. 19, 33 In order to adjust BPA levels for urinary concentration, the urinary creatinine level was determined in the spot urine sample, following usual practice. 4, 51 
Control for Potential Confounders
Our analyses included an array of confounders that might be correlated with elevated ACR and/or BPA exposure. The first of these was hypertension. In NHANES, certified examiners assess systolic (first Korotkoff phase) and diastolic (fifth Korotkoff phase) BP three consecutive times in all children 8-19 years of age after they sit quietly for 5 minutes. A fourth attempt may be made if one or more of the initial measurements is incomplete or interrupted. We followed the common practice of averaging BP measurements for purposes of generating continuous and categorical BP variables. 62 We calculated systolic/diastolic BP (BP) Z-scores from mixed-effects linear regression models derived using data from 1999-2000 CDC National Health and Nutrition Examination Survey (NHANES). 63 We input height Z-scores derived from CDC norms, gender and age to compute expected systolic/ diastolic BPs, 64 and calculated BP Z-scores from the measured BPs using the formula , where x is the measured BP, μ is the expected BP, and σ is derived from the same NHANES data. We categorized BP outcomes into present/absent prehypertension (BP≥90 th percentile for age/height Z-score/gender).
Because exposure to tobacco smoke is as a risk for metabolic syndrome in adolescence, 65 we included serum cotinine in multivariable models. We categorized children and adolescents into low (<0.015 ng/mL, the limit of detection for NHANES 2003-6), medium (<2 and ≥0.015 ng/mL) and high (≥2 ng/mL) categories, following practices of previous authors. 66, 67 Race/ethnicity was categorized into Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black and Other in the NHANES. Caregiver education was categorized as: less than 9 th grade, 9 th -12 th grade, high school or graduate equivalency diploma, some college, college or greater. Poverty-income ratio was categorized into quartiles, within the sample for which urinary BPA was measured. Age was categorized into two groups: 6-11 and 12-19 years.
In the NHANES, trained health technicians assessed body measurements, following published, standardized measurement procedures. 68 Body mass index (BMI) Z-scores were derived from 2000 Centers for Disease Control and Prevention (CDC) gender-specific norms, and overweight and obese were categorized as BMI Z-score ≥1.036 (85 th percentile for age and gender) and ≥1.64 (95 th percentile), respectively. 64, 69 Cholesterol measurement was performed using a Roche Modular P chemistry analyzer after applying an enzymatic method. A cutpoint of 170 mg/dL was applied to dichotomize participants into high and low subgroups, following guidelines of the American Academy of Pediatrics National Cholesterol Education Program. 70 Fasting insulin and glucose are available in a partially overlapping subsample of participants (n=142). HOMA-IR was calculated from fasting insulin and glucose (measured only in adolescents), and we also utilized the cutpoint of 4.39 (>2 SD above mean HOMA-IR for normal-weight adolescents with normal fasting glucose) identified by Lee et al in NHANES 1999 . 71 Recognizing our modest capacity to control for insulin resistance in the present analysis, we created a "missing" category for this and all potential confounders to maximize sample size in multivariable analysis. Serum cotinine was missing in 26.5%, 11.4% had missing cholesterol data and 17.0% had missing blood pressure data. Otherwise, <5% of values were missing for each confounding variable.
Statistical analysis
The sample was described, applying sample weights according to the National Center for Health Statistics guidelines to produce national estimates, adjusting for the oversampling of racial/ethnic minorities and young children. 72 Appropriately-weighted univariable, bivariable and multivariable analyses were conducted in a fashion that reflects the complex survey sampling design, using Stata 12.0 (College Station, TX) survey ('svy') commands.
Our analyses of the association modeled the relationship between log-transformed uBPA and ACR specified two ways: (1) quartiles of ACR in the sample, and (2) log-transformed ACR. We performed univariate regression analyses of the association between ACR and the potential confounders named above, and regression analyses of the association between urinary BPA and potential confounders, first adjusting only for dilution. OLS regression was used in the full multivariable analysis predicating ACR, and, which adjusted for urinary creatinine; demographic and exposure characteristics (race/ethnicity, age, caregiver education, poverty-income ratio, gender, serum cotinine), as well as BMI, elevated cholesterol, prehypertension and insulin resistance categories.
Analysis for specificity of effect
Urinary levels of environmental phenols that are chemically similar to BPA and were measured in NHANES (benzophenone-3 and triclosan) were categorized into quartiles and examined for their association with ACR. Quartiles of these other phenols, and logtransformed concentrations were also added to the final multivariable models, both individually and as a group.
Other sensitivity analyses
To ensure that our results were not an artifact of statistical weighting, we reprised our analyses in unweighted modeling, which is well-known to enhance statistical efficiency while maintaining validity, especially when the analyses are intended to determine associations within a sample population rather than estimating prevalence of a condition or mean for a biological outcome (such as blood pressure or insulin). 51, 52 We also utilized multiple imputation techniques, 73 to generate randomly a replacement value for each missing data point for categorical insulin resistance data, based upon BMI category-and race/ethnicity-specific rates identified in the NHANES sample. We performed 20 imputations for the imputed variable following common practice, 74 and reprised the full multivariable model using the 'mi estimate' command in Stata 12.0 to assess whether this impacted relationships of log-transformed urinary BPA or quartiled BPA with ACR. This diagram outlines the number of patients in the NHANES survey during 2009-10 with measuremens of urinary BPA. This subgroup is divided into three groups based on the albumin:creatinine ratio --low level albuminura, microalbuminuria, and macroalbuminuria. Table 3 Sensitivity Analysis of Albumin-to-Creatinine Ratio Associations with Urinary BPA. 
